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Badnaviruses are pararetroviruses that infect many economically and culturally important temperate and tropical crops, including sugarcane, banana, citrus, taro, sweet potato, cacao, yam, pineapple, and dracaena, and can infect angiosperms and gymnosperms (1, 5, 9, 11, 19, 22, 32, 33, 37, 41) . Badnaviruses are members of the family Caulimoviridae and have bacilliform-shaped virions approximately 30 nm in width and 60 to 900 nm in length that encapsidate a reverse transcribing, circular, noncovalently closed double-stranded (ds)DNA genome of approximately 7 to 9 kbp (4). Badnavirses lack the translational transactivator protein found in other caulimoviruses (4, 16) . Fully characterized badnaviruses have at least three open reading frames (ORFs) which includes the type member, Commelina yellow mottle virus, while Taro bacilliform virus (TaBV), Cacao swollen shoot virus (CSSV), Citrus yellow mosaic virus (CYMV), and Dracaena mottle virus (DrMV) contain 4, 5, 6, and 7 ORFs, respectively (11, 15, 25, 37, 43) . Badnaviruses, in general, are genomically and serologically highly variable (6, 18, 23, 26, 34, 44) .
The symptoms of badnavirus infections vary with host and virus and can include mosaic, chlorosis, vein banding, and stunting. Symptoms may be seasonal or can disappear shortly after infection. A clear association between symptoms and badnavirus infection of pineapple has not been shown (5) . Several badnavirus infections have been known to have synergistic effects with other unrelated viruses. Dual infections of badnaviruses such as Discorea bacilliform virus (DBV) with a potyvirus or cucumovirus (29) , TaBV with a putative rhabdovirus (2, 43) , or Gooseberry vein banding associated virus (GVBaV) infection with a rhabdovirus or a clostero-like virus (19) cause more severe symptoms and more yield damage than a single infection by either virus.
The term "retro element" can be applied to an entity that uses reverse transcription as a mechanism for replication (31) . Retrotransposons can be divided into two subtypes: long terminal repeat (LTR) and non-LTR. The LTR type can be divided into two families, Pseudoviridae and Metaviridae. The Ty1-copia type is typical of the family Pseudoviridae, which occurs mostly in plants. The family Metaviridae is characterized by Ty3-gypsy-type retrotransposons (3). The genome structure of this family resembles that of retroviruses, where the integrase domain is downstream of the reverse-transcriptase region (28) . Integration is obligatory for replication. In contrast, members of the family Caulimoviridae do not encode for an integrase and do not have LTRs (31) . These pararetroviruses do not require integration of the viral genome into the host genome to complete the replication cycle. Despite this nonintegrative replication cycle, integrated sequences identical to the episomal sequences of viruses belonging to several genera of the family Caulimoviridae, including banana streak badnaviruses (7, 27 ) Tobacco vein clearing virus, a Solendovirus (8, 21) , rice tungroviruses (23) , and petunia vein clearing petuvirus (30) , have been identified. These integrated counterparts to Caulimoviridae members have been designated as endogenous pararetroviruses (7, 10, 17, 24, 27, 30) .
Our primary objectives were to characterize the badnaviruses present in Hawaiian-grown pineapple, determine diversity, develop detection assays, and evaluate field distribution and mealybug transmissibility. During this study, we also identified additional sequences encoding reverse-transcriptase regions which we have partially characterized to better understand their possible function.
After mixing, the solution was centrifuged at 12,000 × g and layered over 30% sucrose pads in 100 mM phosphate buffer, pH 7.2. The extract was centrifuged for 66 min at 32,000 × g. The pellet was resuspended in 100 mM potassium phosphate, pH 7.2, spun briefly to remove large debris, and passed through a second 30% sucrose pad as previously described. The pellet was resuspended in 100 mM potassium phosphate, pH 7.2, and stored at -20°C. Further purification was conducted as previously described (13, 14) . Briefly, the virus resuspension was layered over a Cs 2 So 4 step gradient consisting of 20, 12.5, and 10% Cs 2 So 4 layers and centrifuged at 100,000 × g for 3 h. Fractions were collected with a density gradient fractionator. Selected fractions were pooled, dialyzed, and pelleted. Pellets were resuspended in 100 mM Tris-HCL, pH 8.0, and stored at -80°C.
Extraction of viral DNA. Viral resuspensions described above were subjected to DNase I treatments as follows: 35 µl of virus resuspension, 5 µl of 10× DNase I buffer, and 10 µl of DNase I (1 µ/µl) were incubated at room temperature for 60 min. Reaction was inactivated by adding 5 µl of 25 mM EDTA. Virions were disrupted with the addition of Proteinase K (1 mg/ml) and 0.5% sodium dodecyl sulfate in a 100 mM Tris buffer (pH 8.0) containing 2 mM CaCl 2 for 1 h at 37°C. The mixture was extracted two times in phenol/chloroform/isoamyl alcohol (25:24:1), ethanol precipitated, and viral DNA resuspended in water.
Extraction of total DNA from plants. Leaf tissue (approximately 100 mg) was powdered in liquid nitrogen and total DNA was purified with DNeasy Plant Mini Kits (Qiagen) as per manufacturer's instructions and stored at -80°C.
Cloning and sequencing. Initial polymerase chain reaction (PCR) detection reactions were conducted with degenerate oligonucleotide 573 and 572 based on Badna-1A and Badna-4 (21), respectively, using the conserved reverse transcriptase (RT) and RNase H regions of badnaviruses. PCR conditions with primers and BIO-X-ACT Long Mix (Bioline) were as follows: 96°C for 4 min; 40 cycles of 95°C for 1 min, 52°C for 1 min, and 72°C for 1 min; followed by 72°C for 10 min. Amplicons of the expected size were cloned into pGEM-T-Easy (Promega Corp.). Clones were sequenced at the University of Hawaii's Greenwood Molecular Biology Facility or Advanced Studies of Genomics, Proteomics, and Bioinformatics laboratory. Sequencing of regions outside of the RT and RNase H regions was conducted using specific primers paired with primers composed of six random hexamers at the 3′ end or assorted degenerate primers based on conserved motifs of other badnaviruses. These primer combinations were used in PCR with BIO-X-ACT Long Mix with 3-to 5-min 72°C elongation cycles. DNeasy Plant Mini kits were used to purify closed-circle DNA from plant nuclei for sequencing the 5′ untranslated region (UTR). Facing primers were designed approximately 400 bases 5′ and 3′ of sequenced overlapping areas and used in PCR. The amplicons were cloned, sequenced, and compared with previous sequences with the web-based sequence analysis software SeqWeb, ver. 2.
Phylogenetic analyses. Nucleotide sequences were compared with the nonredundant amino acid sequence database at the National Center for Biotechnology Information website using the BLASTX algorithm. Homologies were determined with SeqWeb GAP using a BLOSUM 65 matrix. Amino acid sequences were aligned with ClustalX (39), with pairwise alignment parameters of 35 for gap opening penalty and 0.75 for the gap extension penalty and utilizing Gonet protein weight matrix. Multiple alignment parameters were gap opening penalty of 15 and a gap extension penalty of 0.3. Divergent sequence delay was set to 25%. Neighbor-joined trees were created and bootstrapped (1,000 replicates) with PAUP 4.0 (38) Detection of pineapple badnavirus. Specific oligonucleotide sense and antisense primers 5′-TTGGTGATGCCTTTTGGG-3′ and 5′-CCTTCCATACATCCGTCCG-3′ with an amplicon size of 563 bp were designed from regions shared by PBCOV-HI1 and variant A, based on sequence data available at the time. PCR assay reactions consisted of 6 µl of DNA template, 14 µl of 2× Immomix red (Bioline), 8 µl of water and 0.5 µl of each primer (15 µM concentration). Initial denaturation at 95°C (7 min) was followed by 42 cycles of 95°C (1 min), 60°C (1 min), and 72°C (1 min), and a final extension at 72°C for 10 min in a GeneAmp PCR System 2700 (Applied Biosystems). Amplicons were visualized in 2% agarose gels stained with ethidium bromide. Mealybug transmission trials. Gray pineapple mealybugs (GPM), Dysimcoccus neobrevipes (Beardsley), were established on kabocha squash as previously described (35) . Pineapple crowns of PRI 73-114 were dipped in fungicide and insecticide and planted in soil in insect-proof cages. Crowns were tested at the time of planting with PBCOV-HI1-and variant A-specific PCR assays. Crowns testing PBCOV-HI1 free by PCR were placed in three separate cages. Approximately 1,000 mixed-aged GPM were lightly brushed from squash onto three 6-month-old pineapple plants that had tested positive for PBCOV-HI1 in two independent PCR assays, and three plants that had tested negative for PBCOV-HI1 in three independent PCR assays. These plants were each wrapped in drapery sheer fabric and tied shut and placed in water pans, and the PBCOV-HI1-free plants were moved to a separate facility. After 33 days, 10 leaves, each containing approximately 25 to 50 mixedaged GPM, were pulled out of a PBCOV-HI1-negative plant and placed on five PBCOV-HI1-negative crown-derived plants. These five plants were caged together. The mealybug transfer process from the remaining two PBCOV-HI1-negative plants was repeated as described for 10 additional crown-derived PBCOV-HI1-free plants. The next day, the procedure was repeated for mealybugs given a 34-day access feeding to the PBCOV-HI1-infected plants, resulting in three sets of five plants for transmission trials. The nonviruliferous and viruliferous mealybug trials were maintained at separate facilities under similar conditions.
Results
PBCOV genome characterization. The 7,451-bp dsDNA genome of a new badnavirus, putatively designated PBCOV-HI1, was determined (accession number GQ398110). The original sequence submitted to GenBank in 2009 was updated in January 2010 to reflect the removal of a glycine, arginine, phenylalanine (GRF) zinc-finger motif annotation and a misaligned splicing area that was the result of a palindrome-like sequence that is not part of the virus. The current accession, GQ398110, published in GenBank reflects this correction. Three putative ORFs were identified and numbered following the convention used for other pararetroviral genomes, starting at the putative plant initiator tRNA MET -binding site. A UTR precedes ORF1 and contains the tRNA MET -binding sequence …TGGTATCAGAGCA… shared by characterized badnaviruses. ORF1 comprises 171 residues encoding a 20-kDa protein of unknown function that contains the conserved residues identified in pfam 07028 (DUF1319) shared in the orthologous ORFs of other badnaviruses. ORF 2 comprises 132 residues and encodes a putative protein of 15 kDa. ORF3 comprises 1,826 residues putatively encoding a polyprotein of 211 kDa that contains regions consistent with those of a movement protein, aspartyl protease, RT, and RNase H. A GRF zinc-finger motif also is detected in BLASTP but the region lacks the conserved GRF residues and is considered a nonspecific hit. Following ORF3 is a 479-nucleotide (nt) UTR containing a putative TATA box encoded by TATATAA at nucleotides 7,376 to 7,383. The amino acid identity between ORF1, ORF2, and ORF3 of PBCOV-HI1 and other characterized badnaviruses was 20 to 80%, with the highest identity shared with PBCOV from the Zhangjiang district, Guangdong province, China (Table 1) .
Nine badnavirus-like variants were also identified. Multiple variants were often present in a host plant. A 2,864-nt contig, identified in this study as PBCOV-HI1 variant A (accession number GQ395793), encodes an aspartyl protease, RT, and RNase H, and contains 390 nt of the UTR following ORF3. Variants B to E (accessions GQ395795 to GQ395798, respectively) are 1,604 to 1,619 nt in length and include the putative active, nucleic acid, and NTP-binding regions in the RT region as well as the first 270 nt of the UTR following ORF3. Variants F to I (accessions GQ395799 to GQ395802, respectively) are 600-nt contigs that span the RT region. These nine variants share >92/95% (nucleotide/amino acid) identity with the PBCOVs from Hawaii.
Sequence comparisons were also made between PBCOVs from Hawaii identified in this study, 10 partial sequence contigs of putative pineapple badnaviruses identified in Australia (6) , and a PBCOV identified in China (42) . Contig size of the accessions from Australia limited the comparisons to the 3′ ORF3 regions spanning the highly conserved RT and RNase H domains. Shared nucleotide identities were 64 to 97% and amino acid identities were 72 to 99% (Table 2 ). Nucleotide identity between the fulllength PBCOV from China and PBCOV-HI1 was 90%.
Endogenous pararetrovirus sequences. A 4,012-nt contig, putatively identified in this study as an A. comosus endogenous pineapple pararetrovirus sequence-HI1 (ePBCOV-HI1; GQ395780), and nine similar 600-nt contigs identified in this study as ePBCOV-HI1 variants A to I (GQ395781 to GQ395789, respectively), were identified from total plant DNA but not DNA from purified virus. The putative endogenous pararetroviral sequences were named based on the nomenclature proposed by Staginnus et al. (41) and Geering (9) . This group shared >95% amino acid identity in the RT region. ePBCOV-HI1 encodes a complete RT and RNase H region followed by an adenosine/thymidine-rich region. A peptidase region was absent in this contig in the position expected based on badna-and tungroviruses. Several stop codons were present in the 5′ end. BLASTX analyses of these regions showed the contigs shared 99% amino acid identity with the partial RT and RNase H sequences for putative endogenous pineapple pararetrovirus (eP-PRV-1), and 66% amino acid identity with endogenous rice tungro bacilliform virus-c (eRTBV-c), eRTBV-b, and a Ty3-gypsy subclass retrotransposon. Three additional 603-nt contigs encoding a complete RT domain identified from total plant DNA were tentatively identified as ePBCOV-HI2 (GQ395790), ePBCOV-HI2 variant A (GQ395791), and ePBCOV-HI3 (GQ395792) based on the shared amino acid identities with each other and other sequences. BLASTX analyses of the RT domain showed that the contigs were most similar to the partial RT sequences available for ePPRV-1 contigs from Australia. This group of ePBCOVs shared no significant homology with ePBCOVs identified from Australia or with badnavirus sequences identified from pineapple.
Metaviridae-like sequences. A 2,722-nt contig (GQ395778) that contained an RT-LTR region, RNase H and integrase core regions, and several shorter contigs of 855 nt or less encoding similar RNase H and integrase regions were also identified (GQ395779). These contigs shared >90% homology with each other in overlapping regions. BLASTX comparisons of the complete polyprotein or RT region of the 2,722-nt contig showed highest similarity (79% amino acid identity) to a partial sequence of an LTR retrotransposable element identified in pineapple (CAA73042) and numerous pol-and gypsy-type hypothetical proteins from several plants, including Oryza, Vitus, Beta, and Solanum spp.
Phylogenetic analyses. The phylogenetic tree created with distance analyses using the complete polyprotein encoded by PBCOV-HI1 ORF3 and orthologs from Caulimoviridae members show that PBCOV-HI1 is firmly embedded in the Badnavirus genus (Fig. 1) . Within the Badnavirus genus, two distinct branches were formed. PBCOVs were placed on the branch that included the type member, ComYMV, the BSVs, SBVs, KTSV, and CLNV. The other branch included the badnaviruses TaBV, DMV, BCVBV, CSSV, CYMV, DBV, SBV-A, and SBV-B. This branch also included Lucky bamboo virus, which is presently considered an unclassified Caulimovirus. Cestrum yellow leaf curling virus (CYLCV), and the Soymoviruses, Blueberry red ringspot virus and Soybean chlorotic mottle virus formed an indiscernible polytomy. Rudbeckia flower distortion virus and Eupatorium vein-clearing viruses branched with the caulimoviruses.
Specific PCR assays. PCR assays were developed that could detect and distinguish the four groups of sequences identified in this study: PBCOV-HI1 and variants, ePBCOV-H1, ePBCOV-H2 and H3, and Ananas-Metaviridae-like LTR retroelements (Table 3 ; data not shown). The PBCOV PCR primers designed are also predicted to detect the PBCOV identified in China.
PBCOV detection and field surveys. Two pineapple hybrids were used for the badnavirus field surveys. PCR assays were used to screen for PBCOV-HI1 and variant A and for putative endogenous pararetroviral sequences ( Table 4 ). The presence of badnavirus-like particles in plants testing positive for PBCOV-HI1 was confirmed with electron microscopy in 10 randomly selected positive plants used for purification. PBCOV incidences in PRI 73-114 imported to Hawaii from Costa Rica and the Philippines in 2003 and 2004 were 63 and 68%, respectively. Putative pararetroviral sequences were detected in 76% of the plants. The incidences of PBCOV-HI1 in PRI 73-50 was 34%, and endogenous pararetroviral sequences were detected in 100% of the plants. Symptoms of virus infection were not observed in the plant that were assayed.
Mealybug transmission. GPM transmitted PBCOV-HI1 to 12/15 plants (80%) based on PCR screening of the plants prior to viruliferous mealybug exposure and 60 days after mealybug exposure. PBCOV-HI1 was detected in 1 of 15 plants from the virusfree control trials 60 days after exposure to GPM that were given access to plants that tested free of PBCOV prior to mealybug acquisition.
Discussion
This study reports the first complete nucleotide sequence of a badnavirus from pineapple in Hawaii. Sequence comparisons in the RT and RNaseH regions show that PBCOV-HI1 shares 98% identity with a PBCOV characterized in China (NC_014648) (42) and a partial badnavirus sequence characterized in Australia (EU377666). Such high identity in the RT and RNaseH regions suggests that PBCOV-HI1 and the variants identified in this study are likely strains or variants of the PBCOV characterized in China and a partial sequence from Australia, though amino acid identities for ORF1, ORF2, and ORF3 range from 47 to 80% with the PBCOV characterized in China. Based on identities of the RT and RNaseH regions, the variants identified in Hawaii are closely related. Comparisons between the badnavirus variants from Hawaii and from Australia (5) show that diversity is present in the pineapple badnaviruses. Similar diversity has been reported in BSV, SBV, TaBV, and others (1, 9, 12, 44) .
GPM can transmit PBCOV-HI1 and variant A in Hawaii. In these repeated experiments, 80% of the plants exposed to viruliferous mealybugs developed infections but 1 of the 15 plants that Hybrid  PBCOV  H1  H2/H3  H1  H2/H3  H1, H2/H3  H1, H2/H3-free  PBCOV  H1  H2/H3  H1, H2/H3   73-114 CR  15  1  22  2  41  10  9  68  13  73  76  73-114 P  20  2  31  0  36  7  4  63  9  74  76  75-53  0  66  0  3  31  0  0  34  69  31  100 a Percentage based on 100 plant samples per hybrid. were exposed to nonviruliferous mealybugs became infected. This may have been the result of viruliferous mealybugs coming into contact with the plant, or the plant was infected but below the detection threshold during the initial preexposure screening. Either scenario is possible. Under the second scenario, 80% may be an overestimate of the transmission rate under our test conditions. If we assume equal distribution of low-titer infections missed during the prescreening, than 1 of 15 plants (7%) in the three repetitions that were exposed to viruliferous mealybugs may have been infected prior to the studies. We did not conduct studies with other mealybug species, but Gambley (5) found a 20 and 10% infection incidence in Australia with the Australian PBCOV and pink pineapple mealybug (D. brevipes) and Planacoccus citri, respectively. We also identified three distinct groups of putative ePBCOVs (ePBCOV-HI1, ePBCOV-HI2, and ePBCOV-HI3) that encode complete RT and RNase H regions. The ePBCOV sequences were not identified from DNA obtained from purified virus. The designation ePBCOV follows the previously suggested nomenclature for putatively endogenous pararetroviral sequences (8, 36) . Such endogenous pararetroviruses have been identified in a growing number of tropical and temperate crops (5, 7, 10, 17, 20, 40) . The lack of close homology between the ePBCOV-HI2 group and the PBCOV-HI1s and badnavirus-like sequences from Australia (5) and China (42) suggest these sequences may be from a distant badnavirus ancestor or from a pararetrovirus not yet identified in pineapple. Genomic sequencing of pineapple and further analyses of the pol gene will allow for the localization and further characterization of these endogenous coding sequences and other possible endogenous pararetroviral lineages that have evolved in clonally propagated pineapple. The characteristics of the conserved motifs from our Ananasderived LTR-type retrotransposons, the BLASTX comparisons with those identified previously in Australia (5, 40) , and the RTbased phylogenetic analyses suggest they are putative members of the family Metaviridae, and are putatively identified as Ananas LTR-retrotransposons. It cannot be ascertained with certainty if the Ananas Metaviridae-like retrotransposons we identified are located within pericentrometric heterochromatin. The sequencing of the pineapple genome will facilitate localizing the Ananas Metaviridae-like retrotransposons identified in this study.
The diversity, distribution, and incidences of badnaviruses were determined in the commercial pineapple hybrids PRI 73-114 and PRI 73-50. The clonal propagation of pineapple material and the mealybug transmissibility of PBCOV will likely perpetuate and increase the incidence of the viruses in pineapple. The presence of PBCOV was not associated with symptoms in the plants, though yield and other physiological traits such as fruit quality were not accessed. The lack of symptoms complicates selecting propagation sources. The reliable PCR assays developed during this study can detect and distinguish PBCOV, putative ePBCOVs, and Ananas Metaviridae-like retroelements. These assays may be useful for screening of pineapple germplasm used for propagation or breeding.
